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Abstract

Ikaros DNA binding factor plays critical roles in lymphocyte development. Changes in Ikaros
expression levels during lymphopoiesis are controlled by redundant but also unique regula-
tory elements of its locus that are critical for this developmental process. We have recently
shown that Ikaros binds its own locus in thymocytes in vivo. Here, we evaluated the role of
an Ikaros binding site within its major lympho-myeloid promoter. We identified an Ikaros/Ets
binding site within a promoter sub-region that was highly conserved in mouse and human.
Deletion of this binding site increased the percentage of the reporter-expressing mouse
lines, indicating that its loss provided a more permissive chromatin environment. However,
once transcription was established, the lack of this site decreased transcriptional activity.
These findings implicate a dual role for Ikaros/Ets1 binding on lkzf1 expression that is
exerted at least through its promoter.

Introduction

A number of stage and lineage specific nuclear regulators govern proper development of blood
and immune systems. The Ikaros family of Kruppel-type zinc (Zn)-finger DNA-binding pro-
teins are critical regulators for lymphocyte differentiation and homeostasis [1-3]. They associ-
ate with the Nucleosome Remodeling Histone Deacetylace (NuRD) complex in the nucleus
[4,5] to affect both gene activation and repression in hematopoietic cells [6-11].

During early hemo-lymphopoiesis, Ikaros is first expressed in the hematopoietic stem cell
(HSC) at low levels and then up-regulated in the downstream lymphoid-primed multi-potent
progenitor, LMPP [12,13], a major bi-potent progenitor for lymphoid and myeloid lineages
[12,14,15]. Up-regulation of Ikaros in the LMPP is critical for priming of the lymphoid pro-
gram at this stage, and a failure of this event results in a differentiation block towards down-
stream lymphoid restricted progenitors such as the common lymphoid progenitor (CLP) and
the early thymic precursor (ETP) [12,13,16].

Ikaros is further up-regulated in the quiescent small pre-B cells and double positive thymo-
cytes [1], parallel stages during B and T cell differentiation where lymphoid precursors undergo
selection. Reduced Ikaros activity in these precedent stages in differentiation drives malignant
transformation of the large-pre-B cells and double negative 3 (pre-T) thymocytes [17-23];
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these cells are highly proliferative and are undergoing Rag-mediated recombination of antigen
receptor gene loci. Notably, deletions and mutations in the IKZFI locus that cause reduction of
IKAROS activity are highly associated with development of acute lymphoblastic leukemias in
humans [24-28]. Thus, regulatory mechanisms underlying proper expression of Ikaros
(IKAROS) at various stages of differentiation are ultimately critical for lymphoid development
and homeostasis.

In our previous studies, we have established two lympho-myeloid specific promoters, a pro-
moter element, and six enhancers of the IkzfI locus using in vivo transgenic reporter mouse
systems combined with chromatin studies and comparative genome analyses [29,30] (Fig 1A).
Up-stream hemo-lymphoid specific trans-factors that bind the IkzfI locus in vivo have been
identified in hematopoietic lineages [30], however, the actual roles of these factors on IkzfI reg-
ulation remain unknown. One of these factors is Ikaros itself, suggesting an auto-regulatory
function of the locus [30]. Another factor is Ets1 that is implicated in various immune func-
tions [30,31]. Ets1 shares its consensus binding motifs with those of Ikaros [32].

Here, we explored the roles of Ikaros in its own expression. An Ikaros/Ets1 binding site was
located in the major promoter region and subjected to examination for its role in transgenic
reporter expression. Our results implicate that Ikaros and/or Ets1 play a role in both repression
and activation of IkzfI expression through its promoter element.

Materials and Methods

Mice

The animal protocol was approved by the Subcommittee on Research Animal Care (SAC) of
the Massachusetts General Hospital (MGH), which serves as the Institutional Animal Care and
Use Committee (IACUC). The transgenic GFP reporter lines (C57BL/6xC3H) B-p-GFP[29]
and BAIK-p-GFP were bred and maintained under specific pathogen free conditions in the ani-
mal facility at the MGH, Bldg. 149 in Charlestown, MA. The mice were 4-12 weeks of age at
the time of analysis. Euthanasia of animals under this study was performed by CO, asphyxia-
tion. This method was consistent with the American Veterinary Medical Association (AVMA)
panel on euthanasia and was simple and humane.

ChIP-sequencing

ChIP-sequencing data was obtained from Zhang et al. (2011) [11] and ENCODE project [33]
(published in [30]). The data were visualized and analyzed using IGV genome browser (Broad
Institute) using the mouse genome assembly mmO9.

Transcription factor binding motif search

Putative transcription factor binding motif search was performed using TRANSFAC and
RSAT programs (http://www.rsat.eu).

Generation of the BAIK-p-GFP reporter line

A cluster of five Ikaros binding motifs in the conserved sub-region 1 was deleted using Quick-
change site-directed mutagenesis XL kit (Stratagene) from B-p-GFP construct[29]. The primer
sequences used are: R10delta4IkF; 5°- TTCTGAACTCATTTTGGTTAAGACACCTTCITTG
CATACTTGGAGACTGG-3’ and R10delta4IkR; 5-CCAGTCTCCAAGTATGCAAAGAAGG
TGTCTTAACCAAAATGAGTTCAGAA- 3. The transgene was released from pBluescript II
KS (+) vector backbone and purified for microinjection. Transgene positive founder lines were
identified by genomic PCR using a primer set to detect EGFP as previously described [29].
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Fig 1. Ikaros binding sites on the lkzf1 locus and its promoter region. (A) The The /kzf1 locus along with the un-translated exons 1a and 1b[29], and
translated exons 2 to 8 [29] are indicated. The known lympho-myeloid specific promoters (A, B), promoter element (p) and enhancers (J, C (D), E, F, H, I) are
shown [29,30]. Enrichment for Ikaros bindings on lkzf1 revealed by ChIP-seq analysis on wild type thymocytes [11] is indicated (published in [30]). The red
and brown asterisks indicate Ikaros binding sites in the promoter-B and enhancer-H regions, respectively. (B) The relative locations of the Ikaros and Ets1
binding regions identified by ChIP-seq [29,30] to the mouse-human homology; sub-regions 1, 2, 3; and exon1b on the promoter-B fragment are shown. (C)
The sequence of the lkaros binding area within the promoter-B region (black letters) is shown. The un-translated exon1b is marked in yellow box, and one of
the conserved sub-regions (sub-region 1) is underlined with navy lines. lkaros binding motifs on the plus strand (+) and minus strand (-) are indicated as blue
and green squares, respectively. (D) The sequence of conserved sub-region 1 and the deleted region in the promoter-B of the B-p-GFP parental construct
are indicated. lkaros and Ets consensus binding motifs are underlined by blue and purple, respectively.

doi:10.1371/journal.pone.0131568.g001

Flow Cytometric analysis

Flow cytometry was performed using fluorescent antibodies from BD Bioscences, Caltag or
eBiosciences specific to the following surface antigens: B220 (RA3-6B2), CD4 (RM4-5), CD8a.
(53-6.7), TCRP (H57-597), Mac-1 (M1/70), Gr-1 (RB6-8C5). Antibody-stained cells were ana-
lyzed using FACScan, FACS Calibur, FACSCanto flow cytometers (BD). Data analysis was per-
formed using FlowJo software (Tree Star, Inc.).

Statistical analysis

The statistic significance for GFP-expression between the B-p-GFP lines and BAIK-p-GFP
lines was tested using chi-square analysis that was performed using software at (http://www.
physics.csbsju.edu/stats/contingency NROW_NCOLUMN_ form.html). Significance was
determined if p< 0.05.

Results
Analysis of Ikaros binding sites at the lkzf1 locus

Murine Ikaros is encoded at the IkzfI locus on chromosome 11. Previous studies have identi-
fied two hematopoietic tissue specific promoters (A, B) in un-translated exons 1a and 1b
regions, a promoter element (p) just up-stream of the first translated exon 2, seven translated
exons (2 to 8), and six lympho-myeloid specific enhancers (J, C (D), E, F, H, I) on the locus
(Fig 1A) [29,30]. Our chromatin immunoprecipitation sequencing (ChIP-seq) studies using
thymocytes have mapped eight Ikaros binding sites at the IkzfI locus [30], suggesting the possi-
bility of auto-regulation (Fig 1A). One of these binding sites resides within one of the IkzfI pro-
moter regions active in lymphoid and myeloid cells (promoter-B) [29]. Another binding site is
within the enhancer-H region active in T cells [30] (Fig 1A). The remaining binding sites did
not show overlap with known regulatory regions of IkzfI.

Additional analyses of these binding sites revealed that the Ikaros binding site in the pro-
moter-B region (Chr.11: 11,589,967 to 11,590,431) spanned the un-translated exon 1b and
overlapped with one of the mouse-human conserved sub-regions (sub-region 1; Chr.11:
11,590,065 to 11,590,211) in the promoter-B region (Fig 1B and 1C). In contrast, the binding
site in the enhancer-H (Chr.11: 11,641,742 to 11,641,921) did not show overlap with any of the
mouse-human conserved sub-regions of the enhancer-H (sub-region 1: Chr.11: 11,640,927 to
11,641,042, sub-region 2: Chr.11: 11,642,903 to 11,642,951, sub-region 3: Chr.11: 11,644,262 to
11,644,302). Inspection for transcription factor binding motifs within the Ikaros-binding site
in the promoter-B region identified a number of Ikaros binding consensus motifs, consistent
with the previously described binding mode of Ikaros to tandem sites as oligomers [4,11,34,35]
(Fig 1C).
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A dual function of the lkaros/Ets1 binding site for reporter expression
through promoter-B region

Cross-species conserved regions often contain regulatory elements. Thus, the Ikaros binding
site in the promoter-B region overlapping with the conserved sub-region 1 was further exam-
ined for its role in auto-regulation in vivo.

Six Ikaros consensus binding motifs were deleted from the promoter region in the context
of the B-p-GFP cassette and transgenic mice were generated (Fig 1D and 2A left, BAIK-p-
GFP). Ikaros consensus binding motifs are often identified as Ets consensus binding motifs,
and these deleted motifs in the promoter region largely overlapped with Ets motifs (Fig 1D).
The investigation for Ets1 occupancy on IkzfI has shown that this promoter region is also
enriched for an Ets1 binding in a B cell line (Chr.11: aprox.11,589,800 to 11,590,500) (Fig 1B)
[30]. Thus, the deletion of this site (referred as Ikaros/Ets1 binding site hereafter) might not
only affect Tkaros binding but also Ets1 binding in reporter gene expression.

The parental promoter-only construct B-p-GFP was highly susceptible to the transcription-
ally restrictive chromatin environment and only three out of twenty-seven transgene-positive
mice showed more than 1% of GFP expression in peripheral blood leukocytes (PBL) that con-
tain B cells, T cells and myeloid cells as previously described [30]. In contrast, of thirty-five
transgene positive lines obtained from BAIK-p-GFP construct, eighteen lines showed more
than 1% of GFP expression in PBL (Fig 2A). This was a significantly higher proportion com-
pared to the parental B-p-GFP reporter (51.4% vs 11.1%, p<107°).

Nonetheless, expression in PBL was variegated to an even greater level compared to the
expressing founders generated by the parental reporter despite the greater number of express-
ing founders generated by the BAIK-p-GFP, which was shown by a lower average GFP expres-
sion among expressing lines (Fig 2B, 14.9% vs 40.2%).

This indicates that in the context of the IkzfI promoter, the Ikaros/Ets1 binding site may
play two roles with respect to transcriptional outcome. While it may promote the recruitment
of negatively acting chromatin factors and a transcriptionally restrictive chromatin environ-
ment, if this activity is overturned and once a permissive chromatin is established, it may pro-
mote recruitment of positive acting transcription regulators.

The median fluorescent intensity (MFI) of reporter expression, which is a measure for tran-
scription rate, was evaluated for GFP-expressing founder lines. Two out of three parental B-p-
GFP lines were available for this analysis with eighteen BAIK-p-GFP lines (Fig 2C). Although
the majority of the BAIK-p-GFP lines seemed to show lower MFI than the parental lines, the
number of the parental lines was too small to show any statistical significance. When the MFI
of a parental line vs. BAIK-p-GFP lines with a similar frequency of GFP expression were com-
pared, there was no trend in two different comparisons; in one case (~30% in GFP expression),
the MFI of the parental line was higher than three BAIK-p-GFP lines while in another case
(~60% in GFP expression), the MFI of the parental line was lower than the BAIK-p-GFP line.
The MFI vs. frequencies of GFP™ cells among all the founder lines also did not show any
correlation.

No T cell specific effect of the Ikaros/Ets1 binding site in the promoter-B
region

The promoter B is active from the HSC and progenitors to B cells, myeloid cells, and pre-T
cells; however, it does not support reporter expression past pre-T cell stages without the T cell

specific enhancers-D or-H. Therefore, the parental B-p-GFP shows the expression profile;
“high B/low T/intermediate myeloid” in PBL in all three lines [29,30] (Fig 2D). These results
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Fig 2. Deletion strategy to generate BAIK-p-GFP construct and activities of the BAIK-p-GFP transgene in mice. (A) Diagrams of the parental B-p-GFP
[29] and BAIK-p-GFP constructs are depicted on the left. The number of GFP-expressing (>1% of PBL) founders is displayed over the total number of
transgene positive founders obtained for each reporter construct. The statistical significance of the increase observed with BAIK-p-GFP compared to the
parental B-p-GFP was provided by chi-square analysis and is shown as a p-value. (B) The percentage of GFP* PBL assessed by flow cytometry is depicted
for each founder line as grey circles. The average percentage of GFP* PBL for each transgenic reporter line was calculated for all the GFP-expressing
founders and shown as the red bars and numbers above. (C) The median fluorescent intensity (MFI) of GFP* PBL from GFP-expressing animal is plotted
against the percentage of GFP* PBL. White diamonds, parental B-p-GFP founder lines; black diamonds, BAIK-p-GFP founder lines. The MFI for one of the
parental lines was not available at the time of the analysis. (D) Cell-type specific GFP reporter expression in the PBL in six BAIK-p-GFP lines compared to the
three parental B-p-GFP lines. B cells, T cells and myeloid cells were detected as B220*, TCRB* and Mac-17 cells within PBL, respectively.

doi:10.1371/journal.pone.0131568.g002

prompted further investigation of cell type specific repressive activities of the Ikaros/Ets1 bind-
ing site in the promoter-B.

In the six GFP-expressing BAIK-p-GFP lines tested, four lines maintained the expression
profile of the parental B-p-GFP reporter line “high B/low T/intermediate myeloid” and two
lines showed GFP expression predominantly in B cells (Fig 2D). This indicated that the Ikaros/
Ets1 binding site tested was not likely providing the cell type specific repressive effects on IkzfI
expression past pre-T cell stages. This site is also likely to provide more stable reporter expres-
sion in B cells and myeloid lineages as seen in overall decrease in the percentage of GFP" cells
in each cell type of the BAIK-p-GFP lines tested.

Discussion

Changes in Ikaros expression correlate with its critical roles at various stages of lymphopoiesis.
Characterizing cis-regulatory elements on IkzfI provides a better understanding on molecular
mechanisms that control proper expression of Ikzfl during lymphocyte development. Here, we
investigated the function of the Ikaros/Ets1 binding site in IkzfI promoter region using trans-
genic fluorescent reporter mice. We have provided evidence that the Ikaros/Ets1 binding site
tested have a dual role in controlling reporter expression. Given Ikaros and Ets1 are both
expressed in B lineages and T lineages from progenitor stages (http://www.immgen.org) [36],
current results suggest Ikaros and/or Ets1 regulate IkzfI expression at least through its pro-
moter region. Elucidating Ikaros and Ets1 occupancies in different lymphoid cell types remain
elusive to understand their stage specific roles.

Ikaros/Ets1 on one hand may recruit factors promoting restrictive chromatin. Given the
parental promoter-only B-p-GFP construct was highly susceptible to a repressive chromatin
environment, it revealed de-repression of the GFP reporter upon the deletion of the Ikaros/
Ets1 binding site resulting in a greater number of GFP-expressing lines. The parental transgene
may be expressed only when the negative effect of Ikaros and/or Ets1 is overcome in a permis-
sive chromatin environment.

In contrast, Ikaros/Ets1 may recruit factors to positively regulate transcription once the
locus becomes accessible. Since transcription is regulated in a stochastic manner at the single
cell level [37], Ikaros/Ets1 may increase the probability of reporter expression in a permissive
environment. This was shown by the increased varigation upon the deletion of the binding site.

Due to the limited number of available GFP-expressing parental lines, it was not conclusive
whether the lack of the site affected transcription rate of reporter expression. Nonetheless,
there was no trend between the MFI and frequencies of the GFP™ cells among all the mice, or
when similarly expressed parental and mutant lines were compared. Therefore, probability of
expression and transcription rate may be independently regulated, and the Ikaros/Ets1 binding
in the promoter may not affect transcription rate.

The repressive effect of the Ikaros/Ets1 binding site is likely to be counteracted by activities
of stage and cell type specific cis-elements and trans-factors. However, inactivation of the
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reporter in mature T cells was not due to the repressive effect; rather IkzfI expression in T-line-
ages requires additional positive regulation by enhancers-D or-H.

In the HSC, Ikaros may play a negative role in order to maintain its expression low in this
stage. In order to overcome the repressive or poised state and move into a downstream lym-
phoid pathway, additional factors such as E2A, a critical regulator for the proper differentiation
of the LMPP [38], may be required for up-regulation of Ikaros. Since E2A consensus motifs
were frequently found in adjacent to Ikaros’ motifs [38], these two factors may cooperate
together for IkzfI regulation. Once Ikaros expression is established in lymphoid progenitors,
Ikaros may play a positive role to further up-regulate its expression at lymphoid precursor
stages

Further investigation on the roles of cis-elements and trans-factors including E2A, Ets1 and
Ikaros will provide insights on transcriptional networks underlining IkzfI expression during
lymphocyte differentiation. This will aid manipulation of Ikaros expression levels in normal
and malignant lymphoid lineages to facilitate lymphoid differentiation or suppress malignant
transformation for future clinical applications.

Acknowledgments

We thank Robert Czyzewski for mouse husbandry and John R. Seavitt for critical reading of
the manuscript.

Author Contributions

Conceived and designed the experiments: TY. Performed the experiments: EAP TY. Analyzed
the data: KG TY. Contributed reagents/materials/analysis tools: KG TY. Wrote the paper: TY.

References

1. Georgopoulos K, Winandy S, Avitahl N (1997) The role of the Ikaros gene in lymphocyte development
and homeostasis. Annu Rev Immunol 15: 155-176. PMID: 9143685

2. CobbBS, Smale ST (2005) Ikaros-family proteins: in search of molecular functions during lymphocyte
development. Curr Top Microbiol Immunol 290: 29-47. PMID: 16480038

3. Yoshida T, Georgopoulos K (2014) Ikaros fingers on lymphocyte differentiation. Int J Hematol 100:
220-229. doi: 10.1007/s12185-014-1644-5 PMID: 25085254

4. KimJ, Sif S, Jones B, Jackson A, Koipally J, Heller E, et al. (1999) Ikaros DNA-binding proteins direct
formation of chromatin remodeling complexes in lymphocytes. Immunity 10: 345-355. PMID:
10204490

5. O'Neill DW, Schoetz SS, Lopez RA, Castle M, Rabinowitz L, Shor E, et al. (2000) An ikaros-containing
chromatin-remodeling complex in adult-type erythroid cells. Mol Cell Biol 20: 7572-7582. PMID:
11003653

6. Shimono Y, Murakami H, Kawai K, Wade PA, Shimokata K, Takahashi M (2003) Mi-2 beta associates
with BRG1 and RET finger protein at the distinct regions with transcriptional activating and repressing
abilities. J Biol Chem 278: 51638-51645. PMID: 14530259

7. Sridharan R, Smale ST (2007) Predominant interaction of both Ikaros and Helios with the NuRD com-
plex in immature thymocytes. J Biol Chem 282: 30227-30238. PMID: 17681952

8. Williams CJ, Naito T, Arco PG, Seavitt JR, Cashman SM, De Souza B, et al. (2004) The chromatin
remodeler Mi-2beta is required for CD4 expression and T cell development. Immunity 20: 719-733.
PMID: 15189737

9. Naito T, Gomez-Del Arco P, Williams CJ, Georgopoulos K (2007) Antagonistic interactions between
Ikaros and the chromatin remodeler Mi-2beta determine silencer activity and Cd4 gene expression.
Immunity 27: 723-734. PMID: 17980631

10. Yoshida T, Hazan |, Zhang J, Ng SY, Naito T, Snippert HJ, et al. (2008) The role of the chromatin remo-
deler Mi-2beta in hematopoietic stem cell self-renewal and multilineage differentiation. Genes Dev 22:
1174-1189. doi: 10.1101/gad.1642808 PMID: 18451107

PLOS ONE | DOI:10.1371/journal.pone.0131568 July 2, 2015 8/10


http://www.ncbi.nlm.nih.gov/pubmed/9143685
http://www.ncbi.nlm.nih.gov/pubmed/16480038
http://dx.doi.org/10.1007/s12185-014-1644-5
http://www.ncbi.nlm.nih.gov/pubmed/25085254
http://www.ncbi.nlm.nih.gov/pubmed/10204490
http://www.ncbi.nlm.nih.gov/pubmed/11003653
http://www.ncbi.nlm.nih.gov/pubmed/14530259
http://www.ncbi.nlm.nih.gov/pubmed/17681952
http://www.ncbi.nlm.nih.gov/pubmed/15189737
http://www.ncbi.nlm.nih.gov/pubmed/17980631
http://dx.doi.org/10.1101/gad.1642808
http://www.ncbi.nlm.nih.gov/pubmed/18451107

@’PLOS ‘ ONE

The Role of Ikaros/Ets1 Site in the Ikzf1 Promoter

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zhang J, Jackson AF, Naito T, Dose M, Seavitt J, Liu F, et al. (2011) Harnessing of the nucleosome-
remodeling-deacetylase complex controls lymphocyte development and prevents leukemogenesis.
Nat Immunol 13: 86-94. doi: 10.1038/ni.2150 PMID: 22080921

Yoshida T, Ng SY, Zuniga-Pflucker JC, Georgopoulos K (2006) Early hematopoietic lineage restrictions
directed by Ikaros. Nat Immunol 7: 382-391. PMID: 16518393

Ng SY, Yoshida T, Zhang J, Georgopoulos K (2009) Genome-wide lineage-specific transcriptional net-
works underscore Ikaros-dependent lymphoid priming in hematopoietic stem cells. Immunity 30: 493—
507. doi: 10.1016/j.immuni.2009.01.014 PMID: 19345118

Adolfsson J, Mansson R, Buza-Vidas N, Hultquist A, Liuba K, Jensen CT, et al. (2005) Identification of
FIt3+ lympho-myeloid stem cells lacking erythro-megakaryocytic potential a revised road map for adult
blood lineage commitment. Cell 121: 295-306. PMID: 15851035

Lai AY, Kondo M (2006) Asymmetrical lymphoid and myeloid lineage commitment in multipotent
hematopoietic progenitors. J Exp Med 203: 1867—1873. PMID: 16880261

Allman D, Sambandam A, Kim S, Miller JP, Pagan A, Well D, et al. (2003) Thymopoiesis independent
of common lymphoid progenitors. Nat Immunol 4: 168-174. PMID: 12514733

Georgopoulos K, Bigby M, Wang JH, Molnar A, Wu P, Winandy S, et al. (1994) The lkaros gene is
required for the development of all lymphoid lineages. Cell 79: 143—-156. PMID: 7923373

Winandy S, Wu P, Georgopoulos K (1995) A dominant mutation in the lkaros gene leads to rapid devel-
opment of leukemia and lymphoma. Cell 83: 289-299. PMID: 7585946

Wang JH, Nichogiannopoulou A, Wu L, Sun L, Sharpe AH, Bigby M, et al. (1996) Selective defects in
the development of the fetal and adult lymphoid system in mice with an lkaros null mutation. Immunity
5: 537-549. PMID: 8986714

Winandy S, Wu L, Wang JH, Georgopoulos K (1999) Pre-T cell receptor (TCR) and TCR-controlled
checkpoints in T cell differentiation are set by lkaros. J Exp Med 190: 1039—-1048. PMID: 10523602

Gomez-del Arco P, Kashiwagi M, Jackson AF, Naito T, Zhang J, Liu F, et al. (2010) Alternative pro-
moter usage at the Notch1 locus supports ligand-independent signaling in T cell development and leu-
kemogenesis. Immunity 33: 685-698. doi: 10.1016/j.immuni.2010.11.008 PMID: 21093322

Schjerven H, McLaughlin J, Arenzana TL, Frietze S, Cheng D, Wadsworth SE, et al. (2013) Selective
regulation of lymphopoiesis and leukemogenesis by individual zinc fingers of Ikaros. Nat Immunol 14:
1073-1083. doi: 10.1038/ni.2707 PMID: 24013668

Joshil, Yoshida T, Jena N, Qi X, Zhang J, Van Etten RA, et al. (2014) Loss of Ikaros DNA-binding func-
tion confers integrin-dependent survival on pre-B cells and progression to acute lymphoblastic leuke-
mia. Nat Immunol 15: 294-304. doi: 10.1038/ni.2821 PMID: 24509510

Mullighan CG, Goorha S, Radtke I, Miller CB, Coustan-Smith E, Dalton JD, et al. (2007) Genome-wide
analysis of genetic alterations in acute lymphoblastic leukaemia. Nature 446: 758-764. PMID:
17344859

Mullighan CG, Miller CB, Radtke I, Phillips LA, Dalton J, Ma J, et al. (2008) BCR-ABL1 lymphoblastic
leukaemia is characterized by the deletion of Ikaros. Nature 453: 110-114. doi: 10.1038/nature06866
PMID: 18408710

Mullighan CG, Su X, Zhang J, Radtke I, Phillips LA, Miller CB, et al. (2009) Deletion of IKZF1 and prog-
nosis in acute lymphoblastic leukemia. N Engl J Med 360: 470—480. doi: 10.1056/NEJMo0a0808253
PMID: 19129520

Zhang J, Ding L, Holmfeldt L, Wu G, Heatley SL, Payne-Turner D, et al. (2012) The genetic basis of
early T-cell precursor acute lymphoblastic leukaemia. Nature 481: 157—-163. doi: 10.1038/nature10725
PMID: 22237106

Dupuis A, Gaub MP, Legrain M, Drenou B, Mauvieux L, Lutz P, et al. (2013) Biclonal and biallelic dele-
tions occur in 20% of B-ALL cases with IKZF1 mutations. Leukemia 27: 503—-507. doi: 10.1038/leu.
2012.204 PMID: 22868967

Kaufmann C, Yoshida T, Perotti EA, Landhuis E, Wu P, Georgopoulos K (2003) A complex network of
regulatory elements in lkaros and their activity during hemo-lymphopoiesis. Embo J 22: 2211-2223.
PMID: 12727887

Yoshida T, Landhuis E, Dose M, Hazan |, Zhang J, Naito T, et al. (2013) Transcriptional regulation of
the lkzf1 locus. Blood 122: 3149-3159. doi: 10.1182/blood-2013-01-474916 PMID: 24002445

Garrett-Sinha LA (2013) Review of Ets1 structure, function, and roles in immunity. Cell Mol Life Sci 70:
3375-3390. doi: 10.1007/s00018-012-1243-7 PMID: 23288305

Tymms MJ, Kola | (1994) Regulation of gene expression by transcription factors Ets-1 and Ets-2. Mol
Reprod Dev 39: 208-214. PMID: 7826624

PLOS ONE | DOI:10.1371/journal.pone.0131568 July 2, 2015 9/10


http://dx.doi.org/10.1038/ni.2150
http://www.ncbi.nlm.nih.gov/pubmed/22080921
http://www.ncbi.nlm.nih.gov/pubmed/16518393
http://dx.doi.org/10.1016/j.immuni.2009.01.014
http://www.ncbi.nlm.nih.gov/pubmed/19345118
http://www.ncbi.nlm.nih.gov/pubmed/15851035
http://www.ncbi.nlm.nih.gov/pubmed/16880261
http://www.ncbi.nlm.nih.gov/pubmed/12514733
http://www.ncbi.nlm.nih.gov/pubmed/7923373
http://www.ncbi.nlm.nih.gov/pubmed/7585946
http://www.ncbi.nlm.nih.gov/pubmed/8986714
http://www.ncbi.nlm.nih.gov/pubmed/10523602
http://dx.doi.org/10.1016/j.immuni.2010.11.008
http://www.ncbi.nlm.nih.gov/pubmed/21093322
http://dx.doi.org/10.1038/ni.2707
http://www.ncbi.nlm.nih.gov/pubmed/24013668
http://dx.doi.org/10.1038/ni.2821
http://www.ncbi.nlm.nih.gov/pubmed/24509510
http://www.ncbi.nlm.nih.gov/pubmed/17344859
http://dx.doi.org/10.1038/nature06866
http://www.ncbi.nlm.nih.gov/pubmed/18408710
http://dx.doi.org/10.1056/NEJMoa0808253
http://www.ncbi.nlm.nih.gov/pubmed/19129520
http://dx.doi.org/10.1038/nature10725
http://www.ncbi.nlm.nih.gov/pubmed/22237106
http://dx.doi.org/10.1038/leu.2012.204
http://dx.doi.org/10.1038/leu.2012.204
http://www.ncbi.nlm.nih.gov/pubmed/22868967
http://www.ncbi.nlm.nih.gov/pubmed/12727887
http://dx.doi.org/10.1182/blood-2013-01-474916
http://www.ncbi.nlm.nih.gov/pubmed/24002445
http://dx.doi.org/10.1007/s00018-012-1243-7
http://www.ncbi.nlm.nih.gov/pubmed/23288305
http://www.ncbi.nlm.nih.gov/pubmed/7826624

@’PLOS ‘ ONE

The Role of Ikaros/Ets1 Site in the Ikzf1 Promoter

33.

34.

35.

36.

37.

38.

Consortium EP (2011) A user's guide to the encyclopedia of DNA elements (ENCODE). PLoS Biol 9:
1-21.

Molnar A, Georgopoulos K (1994) The Ikaros gene encodes a family of functionally diverse zinc finger
DNA-binding proteins. Mol Cell Biol 14: 8292-8303. PMID: 7969165

Cobb BS, Morales-Alcelay S, Kleiger G, Brown KE, Fisher AG, Smale ST (2000) Targeting of lkaros to
pericentromeric heterochromatin by direct DNA binding. Genes Dev 14:2146-2160. PMID: 10970879

Heng TS, Painter MW, Immunological Genome Project C (2008) The Immunological Genome Project:
networks of gene expression in immune cells. Nat Immunol 9: 1091-1094. doi: 10.1038/ni1008-1091
PMID: 18800157

Junker JP, van Oudenaarden A (2014) Every cell is special: genome-wide studies add a new dimen-
sion to single-cell biology. Cell 157: 8—11. doi: 10.1016/j.cell.2014.02.010 PMID: 24679522

Dias S, Mansson R, Gurbuxani S, Sigvardsson M, Kee BL (2008) E2A Proteins Promote Development
of Lymphoid-Primed Multipotent Progenitors. Immunity 29: 217-227. doi: 10.1016/j.immuni.2008.05.
015 PMID: 18674933

PLOS ONE | DOI:10.1371/journal.pone.0131568 July 2, 2015 10/10


http://www.ncbi.nlm.nih.gov/pubmed/7969165
http://www.ncbi.nlm.nih.gov/pubmed/10970879
http://dx.doi.org/10.1038/ni1008-1091
http://www.ncbi.nlm.nih.gov/pubmed/18800157
http://dx.doi.org/10.1016/j.cell.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24679522
http://dx.doi.org/10.1016/j.immuni.2008.05.015
http://dx.doi.org/10.1016/j.immuni.2008.05.015
http://www.ncbi.nlm.nih.gov/pubmed/18674933

